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Abstract. Organic carbon (OC) enrichment in sediments de-1 Introduction
posited during Oceanic Anoxic Events (OAES) is commonly
attributed to elevated productivity and marine anoxia. WeThe geological record is punctuated by intervals of
find that OC enrichment in the late Cenomanian aged OAE 2widespread organic carbon (OC) enrichment known as
at the Demerara Rise was controlled by the co-occurrence dPceanic Anoxic Events (OAEs) (Arthur and Sageman, 1994;
anoxic bottom water, sufficient productivity to saturate avail- Jenkyns, 2010; Schlanger and Jenkyns, 1976). The latest
able mineral surfaces, and variable deposition of high surCenomanian aged OAE 2 (Cenomanian/Turonian bound-
face area detrital smectite clay. Redox indicators show conary ~93.9 Myr ago) is considered the best developed and
sistently oxygen-depleted conditions, while a strong corre-most widespread OC-enriched interval interpreted as result-
lation between OC concentration and sediment mineral suring from an OAE, as it shows evidence of deep-water anoxia
face areaKz =0.92) occurs across a range of total organic as well as a general continuity of black shale deposition
carbon (TOC) values from 9 to 33 %. X-ray diffraction data across the Atlantic and Tethyan basins (Arthur et al., 1987).
indicate the intercalation of OC in smectite interlayers, while A positive§13C excursion in bulk organic matter (up to 7 %)
electron, synchrotron infrared and X-ray microscopy showand carbonates (2-3%.) implies that global OC burial in-
an intimate association between clay minerals and OC, concreased by 130% during this period (Arthur et al., 1988;
sistent with preservation of OC as organomineral nanocomErbacher et al., 2005), and was accompanied by a selective
posites and aggregates rather than discrete, um-scale pelagigtinction event that most severely affected benthic organ-
detritus. Since the consistent ratio between TOC and minisms and has been attributed to deep-water oxygen depletion
eral surface area suggests that excess OC relative to surfaéaino and Hasegawa, 1994). OAE 2 also coincides with
area is lost, we propose that it is the varying supply of smec-greenhouse conditions, including high atmosphercO,
tite that best explains variable organic enrichment against 4Bice and Norris, 2002; van Bentum et al., 2012), low oxy-
backdrop of continuous anoxia, which is conducive to gener-gen conditions in a warm ocean (Friedrich et al., 2012) and
ally high TOC during OAE 2 at the Demerara Rise. Smectitic & period of intensified volcanism (Sinton and Duncan, 1997,
clays are unique in their ability to form stable organomineral Turgeon and Creaser, 2008) which may have triggered ex-
nanocomposites and aggregates that preserve organic matt@ansion of anoxia through release of hydrothermal fluids
and are common weathering products of continental volcanidOrth et al., 1993; Sinton and Duncan, 1997) and stimulation
deposits. An increased flux of smectite coinciding with high of primary productivity (Adams et al., 2010).
carbon burial is consistent with evidence for widespread vol- Organic enrichment in marine sediments during OAEs
canism during OAE 2, so that organomineral carbon burialshows a complex mixture of influences (Arthur and Sage-
may represent a potential feedback to volcanic degassing ohan, 1994; Kuypers et al., 2004), but is most com-
COs. monly attributed to bottom-water anoxia and/or increased
primary productivity (e.g. Arthur and Sageman, 1994;
Mort et al., 2007). A basin-wide tendency toward OC en-
richment is modulated by local continental influences that
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dominate particular records (Beckmann et al., 2005), raisthe bulk of the organic matter (OM) in these sequences is ma-
ing the fundamental question of whether additional mech-rine in origin and thermally immature (Forster et al., 2004;
anisms are required for OC concentration. Continental ef-Meyers et al., 2006), so that we expect the original OC-
fects may be indirectly expressed through oceanographitineral associations established within the depositional envi-
processes such as enhanced freshwater run-off causing strabnment to be retained (Kennedy et al., 2014). We collected
ification (Beckmann et al., 2005) and/or nutrient delivery and analysed a total of 120 samples at 10 cm spacing from
(Pratt, 1984); however, recent studies of modern and anciem®DP sites 1258, 1260 and 1261, across the positt@ ex-
continental margin sediments identify an additional influ- cursion interpreted as marking the onset of OAE 2 (Erbacher
ence via the OC preservation effects of detrital mineral sur-et al., 2005).

faces (Keil and Cowie, 1999; Kennedy and Wagner, 2011,

Mayer, 1994). This work showed that organic matter of ma-

rine origin is stabilised through association with terrestrially 3 Meéthods

derived clay minerals, in particular high surface area smec-

- . o b ~“All samples for bulk analysis were ground in an agate
titic clays. Mineral surface association stabilisation is partic- ;

. . . o : . mortar and pestle to pass through a 200 um sieve. Sub-
ularly effective where it occurs in association with anoxia,

because anoxia supports high dissolved OC, excludes biotursi"jImIOIes for sediment mineral surface area (MSA) deter-

bators, and reduces oxidant exposure time (Blair and A”er,mmatmn were shaken in 1M CaLlor 1h, triple rinsed

2012; Hedges et al., 1999; Keil and Cowie, 1999; KennedyIn deionised water and oven dried (.10_(0 for 48 h). MSA
measurements were determined using ethylene glycol mo-
and Wagner, 2011).

The general importance of mineral surfaces is yet to benoethyl ether (EGME), following the "free surface” proce-

. . . . . dure of Tiller and Smith (1990), using a factor of 3.2 to con-
determined, but is pertinent because concentrations resultin ;
. . L . vert the mass of adsorbed EGME (mg) to mineral surface
from their effects have very different implications for the ori-

gin of organic-rich rocks than purely oceanographic mecha2'¢d (), based on an assumption of monolayer coverage

nisms. Reactive, high surface area detrital clay minerals Sucngennedy and Wagner, 2011). MSA was adjusted for CaCO

. . . . . and OC content, and is reported here as “silicate MSA".

as smectite form in soils and by weathering of volcanic rocks_. : . ) .
) . Six replicates of a suite of clay mineral standards obtained
(Chamley, 1989), so they represent a continental influence : . : .
; : . from the Clay Minerals Society and included in the same
However, since most smectite forms under sub-tropical, seab

sonally contrasted conditions and is subsequently eroded anéfsl ;CAfhﬁTS?th,elfg] glzeos/:hsczrvit_efb@;c;lllggjle irgdzugc:)z I_l 'It msvvy
transported to continental margins by rivers, this implies a_’ 9 ' . ' ' '

: : TN ) 2:104nfg 1 +£2.57 %).
spatially constrained distribution limited by zonal climate Total carbon was determined with a LECO Truespec CHN
(Chamley, 1989). Thus, the potential influence of smectite P

on the basinal scale OC enrichment evident during OAE 2a_nalyser. Inorganic C was determined using the_pressure cal

. ; cimeter method of Sherrod et al. (2002). Organic C was cal-
(Takashima et al., 2006) remains unclear. . ; :

. i . . culated as the difference between total C and inorganic C,

Here we look at a deep marine section that is persistently’ " . .

! and is reported on a carbonate-free basis to account for the

oxygen depleted through the OAE 2 interval, yet shows large o .

RO . effects of carbonate dilution. Major and trace element chem-

variation in total organic carbon (TOC). We test whether .

variable OC enrichment is the result of a fluctuating su _istry of Site 1261 samples was determined using standard X-
. ) . g sup ray fluorescence methods (Philips PW 1480 XRF) on fused
ply of detrital clays with a preservative effect on OC, com-

bining the characterisation of bulk sediment properties withd'skS and pressed pellets, respectively.

: . . Sample mineralogy was determined by X-ray diffraction
high-resolution, electron microscope and synchrotron—base(iiBruker D8 Advance X-ray diffractometer with a Cu source)
imaging of organic matter distribution and its association

. X : . 0 i )
with clay minerals. We further consider potential mecha- on micronised powders (including a 10 % ZnQ internal stan

. : . : . dard). The clay mineralogy of the samples was determined on
nisms that could result in a basin-scale clay mineral mfluenceC . . . .
on carbon burial. a-saturated oriented preparations of the <2 um fraction (air

dried and after treatment with ethylene glycol). The <2 um
fraction was obtained by centrifugation after carbonate re-
, moval with 1 M sodium acetate buffer at pH 5 and°@)
2 Study materials OM removal with NaOCI at pH 9.5 and 9C, and ultra-
sonic dispersal. To test for OM intercalation in the smectite
interlayer, the <2 um fraction of selected samples was also
obtained without chemically pretreating the samples. These

samples were air dried and analysed as above. They were

(ODP) Leg 207 at the Demerara Rise. High hydrogen indice :

(mostly greater than 500 mg HC/g OC), RoCkETaky less Yhen reanalysed after heating f_or 24 hours at temperatures of
. 105, 200, 300 and 40, following the procedure of Theng

than 400C, and the dominance of hopanes and steranes re-

taining their biological structural configurations suggest thatet al. (1986).

A thick sequence (>80 m) of organic-rich sediments repre-
sentative of the equatorial North Atlantic margin, includ-
ing OAE 2, was recovered during Ocean Drilling Program
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The micro- to nano-scale distribution and association ofthrough the sediment profile. Quantification of the discrete
clay minerals and OC was determined on (a) ion-polishedOC phase (Keil et al., 1994b) and comparison of OC-to-MSA
samples by scanning electron microscopy (SEM) backscatteratios (Mayer, 1994) show that, while discrete OM (parti-
electron (BSE) imaging and energy dispersive X-ray analy-cles) is commonly dominant at the sediment—water interface,
sis, and (b) cryomicrotomed, 300 nm thick ultra-thin sectionsit generally comprises less than 10 % of OC by 30 cm of the
by imaging these at the infrared microscope (FTIR) beam-sediment profile. The refractory properties of the mineral-
line of the Australian Synchrotron and the scanning trans-associated fraction make it a more likely component to sur-
mission X-ray microscope (STXM) beamline of the Swiss vive the seafloor diagenetic reactions and enter the geologic
Light Source. A more detailed description of the electron-record. While a correlation between MSA and TOC has
and synchrotron-based imaging methods, including sampldeen documented in the few examples of black shale where
preparation, is given in Appendices A to D. this relation has been studied (Kennedy and Wagner, 2011,

Kennedy et al., 2014, 2002), previous work has relied mainly

on bulk sample characterisation rather than direct assessment
4 Results and discussion of clay-organic associations.

Direct imaging of the distribution of OC and its associa-

Our results identify a strong, positive relationship betweention with mineral surfaces provides an ultimate test to dis-
sediment MSA and TOC at all three sites (Figs. 1 and 2), bothcriminate this sub-um organomineral style of preservation
prior to and within the OAE 2 interval, where MSA accounts from preservation of the discrete, micron-sized organic de-
for 87 to 92 % of the variation in the TOC content of the tritus of pelagic origin that is typically considered to con-
samples across a range in TOC from 8.9 to 33.4 % of the nonstitute the organic fraction (Tyson, 1995). SEM BSE imag-
carbonate portion of the sediment. Since we present data fang of ion-polished samples demonstrates that OC is widely
the carbonate-free fraction, we can discount the possibilitydistributed through the sediment, where it is typically associ-
that the correlation between MSA and TOC is due to changested with and coats clay minerals, forming organoclay aggre-
in the relative abundance of carbonate. Quartz and biogenigates (Fig. 5), as in modern sediments (Blair and Aller, 2012;
opal are other potentially abundant sediment componentsKeil and Mayer, 2014). Although individual aggregates can
but the absence of a negative correlation between the Alhave the appearance of discrete OM particles (Fig. 5a), en-
normalised concentrations of OC and Si (Fig. 4) demon-ergy dispersive X-ray analysis (Fig. 5d) and closer inspec-
strates that varying dilution by quartz or biogenic silica is nottion at higher magnifications (Fig. 5b and c) reveals the
a significant influence on sediment TOC. These finely lami-composite clay-organic nature of these zones. Synchrotron
nated sediments were deposited from suspension as pelagkourier transform infrared (FTIR) and scanning transmission
or hemipelagic deposits and do not show evidence of currenK-ray (STXM) microspectroscopy of multiple cryomicro-
winnowing or concentration such as erosional scours or tractomed ultra-thin sections of seven samples, selected across a
tion. We thus attribute abrupt changes in MSA to changesange of TOC and MSA values, independently confirms that
in the supply of high MSA phases such as smectite clayOC and clay minerals have overlapping distributions and are
from the terrestrial source region. MSA tracks abrupt, high-disseminated throughout the sediment, where they are spa-
amplitude shifts of TOC (up to 17 %) between successivetially associated (Fig. 6).
samples where the mineralogy of the sediment reflects a pri- A limitation of the small, pm-scale field of view of the
mary depositional relation (Fig. 1). Furthermore, trends inhigh-resolution images is that establishing that any given im-
MSA do notlead or lag TOC, as might be expected if changesage is representative of the primary form of OC is problem-
in these indices were indirectly related through a shared enviatic, so that we offer this type of data only as a proof of con-
ronmental control; the proportional sample-to-sample shiftscept, while relying on the bulk rock relations (MSA-TOC) to
strongly support a direct mechanistic relationship betweeridentify the extent of the organo-clay relationship. Thus, our
OC and MSA, implying preservation of sub-micron-scale assessment of the relative abundance of clay-associated vs.
OC closely associated with clay mineral surfaces, which pro-discrete OM is based on the strong bulk sample relationship
vide the bulk of sediment MSA (Keil and Mayer, 2014; between MSA and TOC, which implies that the great major-
Kennedy and Wagner, 2011; Ransom et al., 1998). This isty of OM is associated with clay minerals, and that the OM is
consistent with the OC preservation effects of detrital (soil- sufficiently small to interact and associate meaningfully with
derived) mineral surfaces in modern marine sediments (Blairclays (Keil and Mayer, 2014; Kennedy et al., 2014; Mayer,
and Aller, 2012; Keil and Mayer, 2014). 1994). Not only is discrete OM detritus too large to inter-

Sediments in modern continental margin settings showact meaningfully with the clay mineral matrix, if particulate
two distinct components of OC: discrete organic particlesOC from pelagic sources (and unrelated to mineral surface-
larger than 1 pum and a mineral-associated component thassociated OC) were an important contributor to some of the
cannot be separated by physical means (Keil et al., 1994b)samples, these would plot above the regression evident in
The mineral-associated phase is considerably more refrad-ig. 2 (high TOC with limited surface area), indicating the
tory (Keil et al.,, 1994a), and remains relatively constantpresence of OC that was independent and unrelated to the
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Figure 1. TOC of the carbonate-free fraction closely tracks silicate mineral surface area (MSA) in samples from ODP sites 1258, 1260 and
1261, except in ash layers identified at sites 1261 and 1260, where clay mineral formation postdates interaction with organic compounds in the
marine and shallow burial environment (Fig. E&]).3C0rg data and the interpreted OAE 2 boundary are from Erbacher et al. (2005). Samples
from carbonate beds (> 85 % carbonate) are excluded due to the small detrital component and correspondingly large errors introduced by
carbonate correction.
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Figure 2. Silicate MSA vs. TOC of the carbonate-free fraction, all of organic matter by KO, remains essentially unchangeﬂz(z

sites. Silicate MSA accounts for up to 91.9 % of all TOC variation, 0.95), demonstrating that EGME does not interact with organic mat-

excluding ash samples (black) and samples with more than 85 %er in the samples. The efficiency of OM removal by® ranged

carbonate (not shown). The organic matter in these samples does nglb "

. . . m 61 to 95 % (see also the supplementary material).
contribute to the surface area determined using the EGME metho b PP y )
(Fig. 3), and, in any case, if both minerals and OM independently
contributed to surface area, this would not result in a simple linear

regression as shown here. . . . .
9 ciation with clays, rather than as discrete, um-scale organic

particles. These findings strongly support a mechanistic link
between OC and clays, where the great majority of OC is
TOC-MSA scaling relationship. However, samples with high quantitatively associated with and stabilised by clay mineral
TOC relative to MSA are not apparent in our data set, andsurfaces.
our high-resolution images show an intimate, sub-pm-scale Within this context, what is the impact of oxygen availabil-
association between clays and OM. Thus, we argue that O@y and productivity on OC enrichment at the Demerara Rise?
is preserved mainly as sub-um organic matter in close assavleasured concentrations of sulfur-bound isorenieratane and
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Figure 4. Al-normalised TOC and Si vs. redox-sensitive elements at Site 1261. The interpreted onset of OAE 2 (red) is from Er-
bacher et al. (2005). Light-grey bars denote altered volcanic ash; the dark-grey zone is a carbonate bed (> 85% CaCO

chlorobactane imply that the photic zone was periodicallylower P concentrations during the OAE 2 interval (Fig. 4)
sulfidic (euxinic) both before and during OAE 2 (van Ben- suggest more consistently sulfidic conditions and efficient P
tum et al., 2009); however, the scattered occurrence of infecycling (Marz et al., 2008). This is supported by short in-
oceramids (Jiménez Berrocoso et al., 2008) as well as a lotervals of elevated Al-normalised Mo and Ni concentrations
abundance and diversity of benthic foraminifera (Friedrich etprior to OAE 2, which correspond to low P intervals, and
al., 2006) and fecal pellets and fossils of nektonic faunaare indicative of periodically sulfidic conditions, whereas a
(Nederbragt et al., 2007) show that water column euxinia wagositive correlation between Zn and V, as well as Mo and
intermittent. Undisrupted lamination and elevated concentraNi, within the OAE 2 interval is indicative of more persis-
tions of redox-sensitive trace metals (Hetzel et al., 2009) sugtently sulfidic conditions (Hetzel et al., 2009; Jiménez Berro-
gest that sea floor anoxic conditions at the Demerara Riseoso et al., 2008; Tribovillard et al., 2006). While the con-
both preceded and postdated the interval identified as OAE 2inuously oxygen-deficient conditions interpreted on the ba-
Consistent with these findings, our trace element data suggests of these results are generally conducive to enhanced OC
continuously oxygen-depleted bottom waters at Site 1261preservation, all proxy records for oxygen variability fail to
(Fig. 4). Fluctuating P Al ratios and the intermittent pres- reproduce the higher-order sample-to-sample TOC variabil-
ence of apatite in the pre-OAE 2 section imply redox condi-ity (Fig. 4). This is unsurprising, because minor variations
tions alternating between (a) anoxic, non-sulfidic conditionsin already oxygen-depleted conditions are by themselves un-
permitting apatite precipitation and preservation and (b) suldikely to be expressed as differences in TOC as great as
fidic conditions which resulted in removal of P released dur-the observed variation from 9 to 26 % in adjacent samples
ing microbial degradation of OC (Hetzel et al., 2009; Méarz (Tyson, 2005). Fluctuating productivity, on the other hand,
et al., 2008; Tribovillard et al., 2006), whereas persistentlyis a potential explanation for variable OC enrichment such

www.biogeosciences.net/11/4971/2014/ Biogeosciences, 11, 49BR3-2014
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Figure 5. SEM backscatter electron images of Demerara Rise sediments. Organic matter (dark grey in images) is broadly disseminated
through the sedimergt), and occurs primarily as sub-um-scale OC coating and aggregated with(lzJaysAlthough individual 5-10 um

size aggregates can have the appearance of discrete OM pd#iclesser inspection at higher magnificatidibs c) and energy dispersive

X-ray analysis d, collected from the area marked by the dashed outlimg iaveals the composite clay-organic nature of these zones.
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Figure 6. (a) Photomicrograph of a 300 nm thick, cryomicrotomed ultra-thin section (sample 1258/A/43R/3/1H)72TIR microspec-
troscopy maps of aliphatic C arfd) clay show a broad, overlapping distribution of both over the entire sample (5 um resolution), consistent
with SEM images (Fig. 5)(d) More detailed, higher-resolution STXM map of C distribution (25 nm spot resolution, 600 nm step size) in

the same sample. Sub-pum-scale OC, which is dispersed throughout the sddnemrtssociation with the clay mineral matr(g), and is
commonly present in organo-clay aggregates (Fig. 5), represents the bulk of the OC. Scale bar is 20 um in all images.

as observed here (Kuypers et al., 2004). The strongly reducescillations, exclusion of benthic infauna and higher porewa-
ing depositional environment at the Demerara Rise precludeger OC, enabling higher OC loadings per unit MSA (Blair
quantitative reconstruction of palaeoproductivity trends us-and Aller, 2012; Burdige, 2007; Hedges and Keil, 1995;
ing proxies such as Ba (Hetzel et al., 2009). However, theHedges et al., 1999; Keil and Cowie, 1999). We thus propose
strong association and constant ratio between TOC and MSAhat a clay mineral preservative effect combined with persis-
in our data set, and the absence of high or low TOC relativetently oxygen-depleted conditions best explains the variable
to MSA in particular, demonstrates that the pattern of OC en-but high TOC at the Demerara Rise.

richment is not a function of variable OC inputs. While pro- The preservative effect on OC afforded by mineral sur-
ductivity sufficient to saturate available surfaces and main-faces has been attributed to physicochemical stabilisation by
tain anoxic conditions through respiration is an essential redirect sorption of OC to mineral surfaces (Bennett et al.,
quirement, the bulk relationship also necessitates the break2012; Curry et al., 2007) and exclusion of microbial de-
down of um-scale pelagic organic detritus, which likely rep- composers and their exoenzymes by physical encapsulation
resents a source of OC for mineral association within the sedef labile organic matter (Keil et al., 1994a; Mayer, 1994),
iment, and loss of OC in excess of the preservative capacityut the exact preservative mechanisms remain poorly under-
of the sediment. This is consistent with the downcore lossstood. Given the physical association of OC directly on clay
of OC during early diagenesis observed in modern marinesurfaces and the compartmentalised architecture of organ-
settings (Mayer, 1994) and the low abundance of discretepclay aggregates (Fig. 5), it is likely that both encapsula-
um-size organic detritus of pelagic origin in Demerara sedi-tion and sorptive stabilisation contribute to the preservation
ments. Finally, mineral surface association slows but does nodf OC in organomineral aggregates (Bennett et al., 2012;
stop OC degradation in oxic settings, whereas persistent oxy€urry et al., 2007; Keil and Mayer, 2014). The MSAs mea-
gen depletion increases the preservative capacity of the sedured in this study lie within the range of surface area val-
iments through lower oxidant concentrations, limited redoxues characteristic of smectite clay 750 n?g=1; Srodan,

Biogeosciences, 11, 4974983 2014 www.biogeosciences.net/11/4971/2014/
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Figure 7. X-ray diffractograms of <2 um fractions of smectite clay standard (SWy-2, Na-saturated) and three representative Demerara
Rise samples after air-drying and heating to the indicated temperatures (oriented preparations). Interlayer dehydration in pure smectite
(SWy-2) is achieved by heating to above P@5 and results in a complete collapse of the 001 peak 10 A at 200°C. Demerara Rise

samples heated to 105, 200 and 3G0show an incomplete collapse of the 001 peak (arrows mark main peaks and gradual changes),
demonstrating the presence of the intercalated organic matter that is propping open the smectite interlayer after thermal dehydration has
occurred (Theng et al., 1986). Although heating progressively broadens and weakens the 001 peak as it shifts from 15.2 A towards 13-12 A,
representing thermal dehydration, complete collapse resulting in a symmetrical peak at 10 A only occurs after prolonged heatig to 400
results in thermal oxidation of the intercalated organic matter.

2009), and smectite interlayer surfaces in particular, imply-face area. The preservative effect on OC by smectite has
ing that these interlayer sites also play an important role inthus been hypothesised to be the result of incorporation of
the preservation of nanometer-scale OC. Smectite clays haveolecular-scale organic compounds into the smectite inter-
substantially greater surface areas than other common sediayer space (Kennedy et al., 2002; Theng et al., 1986), form-
mentary minerals, because smectite layers consist of an oéng refractory organomineral nanocomposites that protect
tahedral sheet sandwiched between two tetrahedral sheet®C molecules from degradation. This is supported by our re-
and these fundamental units stack together to form an intersults. X-ray diffraction of clay separates identifies the dom-

layer between them. The interlayer is expandable, so that ininance of smectite clays in Demerara sediments (Fig. E2),
terlayer sites are accessible to polar and non-polar organiconfirming that MSA variation is due to varying smectite

molecules, ions and water (Alimova et al., 2009; Theng etcontent, and clearly identifies the organomineral nanocom-
al., 1986; Williams et al., 2005), with the interlayer sur- posite nature of this material (Fig. 7), where a compo-

face area contributing the bulk of the smectite total sur-nent of OM is preserved as molecular-scale OM intercalated
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within the smectite interlayer. Independent palynologic anal-dicate greater oxidant exposure at the Demerara Rise relative
ysis (Summerhayes, 1981) of Demerara Rise sediments i® Site 959, comparisons to modern sediments show that OM
consistent with our evidence for organomineral intercalationloading ratios are equally reduced in relatively higher energy,
and mineral-associated OC preservation. These analyses relgwer productivity, or lower sedimentation rate settings.

on the dissolution of the silicate fraction to concentrate OM,

and show that more than 90 % of Demerara Rise OM is amor- ]

phous and of unrecognisable origin, likely comprising the® Conclusions

acid-insoluble residue of previously mineral-associated or-

ganic material. Consistent with our interpretation, recognis-The organic carbon deposits defining OAE 2 are widely con-

able organic detritus does not constitute a quantitatively sig-SIOIereOI aresponse to increased productivity and reduced ox-

it compentof seciment TOC (Summetiayes, 1561)7' TCETMA1h I edter, heb ggered b voar-
The x-axis intercepts of the Demerara Rise MSFOC ' 9

) . 1 . at the Demerara Rise, including the OAE 2 interval, is due to
regressions (Fig. 2) are offset from zero200 ¥ g ). This the intersection of consistently oxygen-depleted conditions
is similar to offsets ot~ 260n? g~! and~290n? g~ for y 0Xyg P

. . : . : and variable deposition of detrital smectite clay capable of
the anoxic/suboxic and oxic facies, respectively, of OAE 3formin refractory oraanomineral nanocomposites and ag-
at ODP Site 959 (Deep Ivorian Basin; Kennedy and Wag- re atgs re resgnting a continental inﬂuenrr:)e However c%n
ner, 2011), and an offset ef 60 m? g~ for the Cretaceous greg » Fep g : '

Pierre Shale (Kennedy et al., 2002). This x-intercept offset;hr(;l ;r};(aeaﬁéz?igﬁnceiog iginbgjrggllgﬂin(g?:egr?rticfﬂfneDrirzirr_-
implies MSA that did not acquire OM or subsequently lost . b y exp

) . . ing OAE 2 at other geographically distant locations, given
OM. It has prev_lously l_Jeen mterpreted as reflecting the IO.SSthat smectite formation in soils is spatially constrained by
of a more readily oxidised fraction of OM that was associ- .
X . ._.zonal climate (Chamley, 1989)7?
ated with external clay mineral surfaces and edges (which Smectite is also a major weathering product of continen-

can exceed 200 fig—1 in smectitic sediments), whereas OM . . ! )
tal volcanic deposits. Volcanism can lead to regional- or even

preserved within the smectite interlayer is considered to b : ; ; . .
more refractory (Kennedy and Wagner, 2011; Kennedy et al asinal-scale increases in smectite concentration because of
' ' ‘transport of this finest clay fraction over 100s or even 1000s

2014). However, SEM observations of organoclay aggregatg%f km along basin margins (Chamley, 1989). Sr, Os. Nd and

from the Demerara Rise identify a component of OM associ-_. . . . .
: " S isotope anomalies measured across the C isotope excursion
ated with external clay surfaces, encapsulated within organ: ! : . .
that defines OAE 2 show an increase in mantle-derived flu-
oclay aggregates. The observed offsets may be the produc

of lower OM concentrations in the outermost zone of theseIés at geographically dlsta.nt Iocgtlons (Adam§ etal., 2010;
.~ “Jones and Jenkyns, 2001; Martin et al., 2012; Turgeon and
aggregates. OM encapsulated by and sorbed to clays in a

T : . %reaser, 2008). This is closely timed with the emplacement
gregate interiors is progressively better protected relative to

OM initially present closer to the aggregate exterior (Keil and of the Caribbean and Madagascar large igneous provinces

; ' (Kerr, 1998; Sinton and Duncan, 1997) and the production
Mayer, 2014), as also documented for soil organomineral ag- o . X

; . and geographic dispersal of easily weathered volcanic mate-
gregates (Kinyangi et al., 2006).

Finally, the slope of the MSA-to-TOC regression has beennals from these sources (Kuroda et al., 2007). Thus, a puls_e
) o . of sub-aqueous (Turgeon and Creaser, 2008) and sub-aerial
shown to vary as a function of the depositional environment, . L :
. . . . . : (Kuroda et al., 2007) volcanism coinciding with OAE 2 may
sediment diagenesis, and oxic vs. anoxic sediments (Blai

and Aller, 2012: Kennedy and Wagner, 2011). While TOC not only have stimulated marine productivity (Adams et al.,
' ' edy ' yvagner, S .~ 2010) and contributed to the geographic expansion of anoxic
generally correlates with MSA in modern continental margin

sediments, the highest OM loadings per unit MSA (slope) arecondltlons (Sinton and Duncan, 1997), but increased sub-

found in sediments from high productivity and/or oxygen- aerial weathering of volcanic material may also have ampli-

depleted settings, whereas the lowest loadings are typical Oiéed the flux of detrital smectite to continental margin settings

. . . -(Nadeau and Reynolds, 1981), producing conditions con-
sediments from higher energy settings or deep-sea deposits . ) .
) : : . ucive to the anomalous accumulation of OC during OAE 2.
that are subject to long oxidant exposure times (Blair and

Aller, 2012). Similar differences are apparent in ancient sed-If confirmed, this would represent a previously unrecognised

iments, with higher OM loadings recorded in samples from neg_atlve_feedback mechanism that _balan(_:ea produced
. . : during widespread phases of volcanism with the removal of
anoxic facies (0.7 mgOCH) compared to oxic and sub-

oxic facies (0.4 mg OC m?) at ODP Site 959 (Kennedy and CO thro_ugh (lanhanced sequestration of organic matter as
Wagner, 2011). While the ODP 959 and Demerara Rise dat&rganominera hanocomposites.

sets largely overlap, the slope of the MSA-to-TOC regres-

sion at Demerara Rise sites ranges from 0.44mgO€m

(Site 1258) to 0.52 mg OC 1t (Site 1260), somewhat lower

than the laminated, anoxic facies at Site 959, but greater than

the oxic to suboxic facies at Site 959. Although this might in-
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Appendix A: SEM analyses stretching band of smectite, illite or interstratified illite—

smectite (Russell and Fraser, 1994).
Organic matter morphology, distribution and mineral asso-

ciation were determined at mm to sub-um scales using a

FEI Quanta 450 environmental scanning electron microscopé\ppendix D: STXM data collection and analysis

system equipped with a backscattered electron (BSE) detec- , . .

tor and an energy dispersive X-ray (EDAX) analyser. Prior SCanning transmission X-ray microscope (STXM) maps of
to imaging, samples were fixed onto SEM stubs with thenanoscale C d.IStI’It?Utlon were collgcteq at.the PolLux beam-
imaged surface prepared perpendicular to bedding. Sampldd1® Of the Swiss Light Source, which is situated on a bend
were gently dry ground until flat, cleaned with compressedMagnet-type synchrotron beamline that provides a linearly

nitrogen, ion milled until polished (Fischione 1010 Ar lon polarisgd X-ray beam with a photon energy range bgtween
Mill system), and coated with 5 nm Pt. approximately 250 eV and 1600 eV. Detailed descriptions of

the beamline and applications of the STXM technique have

been published elsewhere (Raabe et al., 2008). Briefly, while
Appendix B: Synchrotron imaging sample preparation a monochromatic X-ray beam is focused on the sample by

a Fresnel zone plate (25nm outer zone width), the sample
Transmission imaging requires the preparation of intact ultrais scanned through the beam, and the transmitted intensity
thin sections. A cryomicrotoming approach was utilised yields the 2-D image with a focus spot size of about 25 nm
in order to avoid embedding samples in carbon-baseqRaabe et al., 2008; Watts and Ade, 2012). Element-specific
resin (Lehmann et al., 2008). Intact shale subsamples wereontrast stems from differing X-ray absorption at energies
mounted onto microtome pins and saturated in ultrapure wabelow and above the element-specific absorption edge, which
ter overnight. Excess water was drained on a filter paper, afteis approximately 300eV at the C K-edge (Watts and Ade,
which samples were plunge frozen in liquid nitrogen. Thin 2012). The ratio of images taken below and above the absorp-
sections (300 nm thickness) were cryomicrotomed (Leica Ul-tion edge then shows the distribution and concentration of the
tracut S) across the shale bedding plane&@°C using adi-  element of interest. Accordingly, each ultra-thin section was
amond knife at a cutting speed of 2.5 mntsSections were  scanned at 280 and 320 eV using a spot resolution of 25 nm,
then transferred and pressed onto C-free Cu grids (200 mes& step size of 600 nm and a dwell time of 5 ms. Selected areas
with SiO membrane, no. 53002, Ladd Research, Williston,where then scanned at higher resolution, typically with a step
VT) before being air dried. size of 50 nm, all other parameters remaining unchanged.

Appendix C: IR data collection and analysis

Fourier transform infrared (FTIR) spectra of the cryomi-
crotomed ultra-thin sections were collected in transmission
mode at the infrared microspectroscopy beamline at the Aus-
tralian Synchrotron. The beamline is equipped with a Bruker
Hyperion 2000 microscope with a Vertex V80v FTIR spec-
trometer, and a narrow-band, high-sensitivity liquid nitrogen-
cooled mercury cadmium telluride detector. Spectral maps of
the thin sections were recorded with a 5 um aperture size and
a step size of 5um, a spectral range of 3900-700'cand

a spectral interval of 4 crt. Each spectrum was composed
of 64 scans added before Fourier transformation. All spec-
tra were corrected for adsorption from the grid membrane
by normalising to the spectrum of an empty region of the
grid. FTIR data were processed using Bruker OPUS 6.5 soft-
ware (Bruker Optics, Billerica, Massachusetts, USA). Spec-
tral maps were created after cropping to a spectral region
of 3800-850 cm?! and automatic baseline correction (con-
cave rubber-band method, 10 iterations, 64 baseline points).
Maps were created for maximum peak heights in the follow-
ing ranges: 2935-2920 cth and 1060-1020 cnt. A peak
position at 2935-2920 cnt corresponds to C—H stretching
vibrations of aliphatic C (Haberhauer et al., 1998; Lehmann
et al., 2007) and at 1060-1020¢tfto the principal SiO
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Appendix E: Additional figures

Zno

ZnO

Figure E1. X-ray diffractograms of an altered ash layer sample

T T T T T T
12 14 16 18 20 22 24

Degrees 2 Theta

(upper panel; sample 1261/A/48R/5/30-31) and two typical non-gigyre E2. Air-dried (black) and ethylene glycol-treated (red) X-
ash layer samples (lower panel; samples 1258/A/43R/2/65-66 anghy iffractograms of the <5um fraction show a predominance
125$/A/43R/2/85-86). _The samples showing elevated MSA_ with of smectite (expands from 13-14 to 17 A after glycolation) and
relatively low TOC at sites 1260 and 1261 are altered volcanic asfsmajler amounts of discrete illite (10 A) in Demerara Rise samples.
(bentonite). These samples are composed mainly of smectite clays|inoptilolite, a diagenetic zeolite, is also present in this size frac-
and lack other detrital or biogenic phases typical of other Demer-gn in many samples (8.95A). Top: 1261/A/49R/1/95-96; middle:
ara Rise sediments. Diagenetic smectite forms after burial by in sitl) 261/A/48R/5/130-131: bottom: 1261/A/48R/4/65-66.

alteration of volcanic glass in ash beds, and does not exhibit the
MSA-OC associations of detrital smectite, because the diagenetic
smectite forms after the sediment is decoupled from OC sources
in the water column or pore water. S: smectite; Gy: gypsum; Py:

pyrite; Cl: clinoptilolite; OP: opal CT; Q: quartz; Cal: calcite; ZnO:

zinc oxide internal standard.
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